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Recent anatomic findings have revealed in the IM of the rat kidney a highly structured organization of tubules and vessels. In the initial IM, vascular bundles exist as distinct entities consisting of a number of descending vasa recta (DVR) intermixed with a somewhat larger number of ascending vasa recta (AVR; Ref. 69) . These vasa recta are the primary conduits for blood flow into and out of the IM and engage in countercurrent exchange of fluid and solutes. Clusters of collecting ducts (CDs) form the organizing motif through the first 3-3.5 mm of the IM (44, 45, 46) . Ascending thin limbs of loops of Henle and some AVR are found neighboring the CDs and these form the intracluster region. These AVR form the sparse interconnecting capillary networks that link DVR and the neighboring AVR (17) . These interconnecting capillaries reside in a defined interstitial compartment that is spatially partitioned from the compartment containing countercurrent exchanging DVR and the neighboring AVR. A schematic diagram of the vascular architecture is shown in Fig. 1 . The degree of functional partitioning between these two compartments remains to be determined; however, the near spatial isolation of blood flow pathways into and out of the IM from the fluid and solute flows into the IM by way of IMCD reabsorption suggests that regulation of blood flow could have a significant impact on fluid and solute compartmentalization in the axial and transverse dimensions.
A goal of this study is to evaluate, by means of mathematical modeling, the role of IM vascular architecture in the context of the urine concentrating mechanism. Using a detailed model of the urine concentrating mechanism in the rat renal medulla that incorporates recent anatomic findings on the vascular architecture (17, 69) , we investigate the extent to which the compartmentalization of IM blood flow yields heterogeneous interstitial fluid composition, and we assess the extent to which vascular countercurrent exchange in the medulla limits washout of the axial osmolality gradient.
Another goal of this study is to investigate the process by which a loop-bend fluid that is substantially more concentrated in NaCl than urea may be generated in the loops that reach into the papillary tip. Anatomic findings from the Munich-Wistar rat (44) and chinchilla (4) have revealed terminal descending thin limb segments that express no detectable aquaporin-1 (AQP1). For those loops of Munich-Wistar rat that reach beyond the first millimeter of the IM, the AQP1-negative segment is ϳ60% of the IM portion of the limb, whereas that of chinchilla is, at a minimum, 25% of IM loop length. Terminal descending thin limbs of the chinchilla (2) and Munich-Wistar rat (Dantzler WH, Evans KK, and Pannabecker TL, unpublished observations) have high transepithelial urea permeability. When that descending thin limb segment was represented in previous models of Munich-Wistar rat, the models predicted a substantial urea concentration axial gradient but failed to generate the large NaCl axial gradient along most IM structures revealed in electron microprobe measurements in antidiuretic rat kidneys (22) . We hypothesize that the NaCl concentration in the loops of Henle and papillary interstitial fluid may be raised by cotransport of Na ϩ or Cl Ϫ with urea (a urea-Na ϩ or urea Cl Ϫ cotransporter) along the AQP1-null segment of the long descending thin limb and that such a cotransporter may generate a substantial NaCl axial gradient in the IM interstitium. Our model is used to assess the validity of this hypothesis.
MATHEMATICAL MODEL
Our mathematical model is an extension of the "region-based" model of the renal medulla of the rat kidney (27) . Tubules and vasa recta are represented by rigid tubes that extend from the corticomedullary boundary (x ϭ 0) to the papillary tip (x ϭ L). The model represents loops of Henle, two-thirds of which turn at the OM-IM boundary, and the remainder turn at all levels of the IM; the model represents vasa recta that terminate or originate at all levels of the medulla and a composite CD. The model is formulated for three solutes: NaCl, urea, and a nonreabsorbable solute; NaCl is represented by Na ϩ . The nonreabsorbable solute, denoted "NR," is assumed to be present only in significant amounts in the tubular fluid of the CD and is represented only in the CD tubular fluid. The osmotic coefficients for NaCl, urea, and NR are taken to be 1.84, 0.97, and 1.84, respectively (65) . The model predicts fluid flow, solute concentrations, transepithelial water and solute fluxes, and fluid osmolality, as a function of medullary depth, in the tubules, vasa recta, and interstitium of the model medulla.
In the OM, the radial organization with respect to a vascular bundle (23, 26) is represented by means of four regions (30) . The portion of each region that is exterior to both tubules and vasa recta represents merged capillaries, interstitial cells, and interstitial space. At a given medullary level, each region is assumed to be a well-mixed compartment with which tubules and vasa recta interact. To specify the relative positions or distributions of the tubules and vasa recta and to simulate the potential preferential interactions among them, each tubule or vas rectum is assigned to a particular region, or, in some cases, fractions of a tubule or vas rectum are distributed to two regions. Tubules and vasa recta that are in contact with different regions are influenced by differing interstitial environments. Model positions of tubules and vasa recta in the OM, based on descriptions in Refs. (14, 23, 26, 34) , are shown in Fig. 2 , left, for the outer stripe and inner stripes. Vasa recta that supply the IM, i.e., long DVR and AVR (labeled LDV, LAV1, and LAV2 in Fig. 2 ) are assumed to form the vascular bundle, which is contained within the two central-most regions (R1 and R2). Long and short DVR are assumed to reside in R1 and R2, respectively, consistent with immunolabeling results that indicate that DVR are distributed centrally within the vascular bundle but also consistent with short DVR peeling off to supply the capillary plexus of the inner stripe. CDs, which are located distant from the vascular bundle, are assigned to R4, the outermost region. Distinct populations of short AVR (labeled SAV3 and SAV4 in Fig. 2 ) ascend through R3 and R4, respectively. Thick ascending limbs from short loops of Henle (i.e., SALs), which are near the CD throughout the OM, are assumed to straddle R3 and R4. At the beginning of the outer stripe, the long loops of Henle are situated near the vascular bundle, in R2 and R3, where the long ascending limbs (LALs) maintain their position throughout the OM.
Recent anatomical studies (45, 47) have shown that, in the upper 3-3.5 mm of the rat IM, clusters of IMCD provide the organizing motif around which loops of Henle and vessels are arranged. That radial organization is represented by means of three interconnected regions: an intracluster region, denoted by "R7," which represents a CD cluster; and two outer, intercluster regions, denoted by "R5" and "R6." Most LALs and about half of the AVR are within these CD clusters, whereas other LALs and the remaining AVR are external to the CD clusters (69) . Long descending limbs (LDLs) and DVR lie outside the CD clusters on the boundary defined by Euclidean distance mapping (48) . However, these LDLs and DVR are always separated from each other by at least one AVR (Pannabecker TL, preliminary observations). Therefore, the LDLs and DVR are assigned to R5 and R6, respectively. (The separation of DVR and LDLs was not represented in the previous study; Ref. 27.) At each IM level, some of the DVR break into capillaries, which enter the intracluster region, whereas a portion of the intracluster capillaries drain into the intercluster regions and are taken up by the two model AVR there. In the final, 1.5-2 mm of the IM, however, the CD clusters can no longer be distinguished, although the CDs abut some of the ascending thin limbs (47) (not represented). Schematic diagrams of cross sections through the model IM are shown in Fig. 2 , right. Most of the AVR are assumed to join the vascular bundles in the OM, but, based on recent experimental observations (17) , a fraction of the AVR is assumed to ascend directly into the inner stripe.
Model equations. Model equations in the present study can be found in Refs. (30, 33) , except that the water and solute conservation equations associated with the regions have been modified (see below) to incorporate recently revealed blood flow distribution in the IM. In addition to embodying the principle of mass conservation of solute and water, model equations also represent transmural transport of solutes and water by means of single-barrier equations that provide a summary representation of double-barrier transepithelial or transendothelial transport. Transmural solute diffusion is characterized by solute permeabilities; active transport is represented by a saturable expression that has the form of Michaelis-Menten kinetics. Transport equations for water represent osmotically driven fluxes, except for AVR and the fenestrated DVR in the deep IM, where water flux is assumed to be pressure-driven advection through fenestrations. However, pressure is not explicitly represented; instead, water flux is computed by enforcing mass balance within regions, as described below.
A schematic representation of water conservation at steady state is given in Fig. 3 . At steady state, water conservation in the OM regions is represented by . This PV-1-positive segment is contiguous with ascending vasa recta (AVR; red) that lie within the CD cluster. Those AVR connect to AVR in the vascular bundles of the intercluster region. AVR-to-DVR ratios at differing medullary levels are described in Ref. 69 .
where SDV denotes short DVR. The left-most term in each of these equations is the total water flux from tubules and DVR into the subscripted regions. The second terms in Eqs. 1 and 2 are the SDV blood source terms, where ␣ SDV denotes the fraction of the source directed into R1, with the remaining SDV (1 Ϫ ␣SDV) branching out into R2 before breaking up into capillaries. For a given region, the sum of the capillary source flow and water fluxes arising from tubules, vessels, and its neighboring regions equals the net fluid accumulation in that region; the remaining terms in Eqs. 1-4 represent fluid entry into AVR and transregional flow in capillaries. The terms representing fluid entry into AVR are Q LAV1, QLAV2, QLAV3, QLAV4, QSAV3, and QSAV4; the terms representing transregional flow from region R to R= have the form QR,R=. A fraction (␣LAV1) of the net fluid accumulation in R1 taken up by LAV1 through its fenestrations, and the remainder enters R2 as capillary flow. Similarly, a fraction (␣ LAV2) of the net fluid accumulation in R2 is taken up by LAV2, and the remainder enters R3. A fraction (␣LAV3 and ␣SAV3) of the net fluid accumulation in R3 is taken up by LAV3 and SAV3, respectively, and the remainder enters R4 as capillary flow. Similarly, a fraction (␣LAV4 and ␣SAV4) of the net fluid accumulation in R4 is taken up by LAV4 and SAV4, respectively.
In the OM and in the initial 3.5 mm of the IM, water flux across DVR endothelium is driven by the osmotic gradient, whereas solute fluxes are driven by concentration gradients. Anatomical studies indicate that in the final 1.5 mm of the IM, most vasa recta and capillaries are fenestrated and no vessels express the urea transporter UT-B (37, 46) . In this region, we assume that, like the AVR, water flux into the DVR is pressure-driven advection through fenestrations, and that solute fluxes arise from both solute diffusion through fenestrations and solute advection by water.
Water conservation in the IM interconnected regions is given by
The blood source terms arising from the break-up of LDV are denoted by the second terms in Eqs. [5] [6] [7] , where the fractions ␣LDV,R5, ␣LDV,R6, and ␣LDV,R7 denote the fractions of the blood source directed into R5, R6, and R7, respectively. QR7,R5 and QR7,R6 represent the capillary flows from R7, where the CD resides, into R5 and R6. The remainder of the net fluid accumulation in the three regions is taken up by the respective AVR and by the fenestrated DVR in the final 1.5 mm of the IM; these fluid sinks are represented by Q VR5, QVR6, and QVR7. We assume that 10% of the net fluid accumulation of each region is taken up by the DVR and the remainder by the respective AVR. Solute conservation for solute k in each OM region is represented by
The four terms on the left-hand side of Eq. 9, working from left to right, are: first, the total solute flux into region R, from tubules, vasa recta, and other regions; second, solute from SDVs that terminate at medullary level x to form capillaries; third, solute that is carried by flow into the region from an adjoining region; and fourth, solute that is carried by flow at the local concentration into AVR or into an adjoining region. The other equations can be interpreted analogously. Solute conservation for solute k in the IM regions is represented by
The terms in each equation are analogous to those in Eq. 9. Parameters. Most morphological and transport parameters of the present model are taken from those in Refs. 30, 33, 27. Below we describe selected parameters that are different from previous studies (30, 33) or are of particular importance in the present study.
The axial lengths of the model OM and IM were taken to be 2 and 5 mm, respectively (20) ; thus, L ϭ L OM ϩ LIM ϭ 7 mm. The lengths of the outer and inner stripes are taken to be 0.6 and 1.4 mm, respectively. Two-thirds of the loops of Henle are assumed to be short (23) . Throughout the OM, we assume a ratio of CDs to loops n CD ϭ 1/6.1 (23); we assume per-loop ratios of LDV and of short DVR (SDV) of nLDV ϭ 17/71 and nSDV ϭ 44/71, respectively; we assume per-loop ratios of LAV nLAV1 ϭ 16/71, nLAV2 ϭ 32/71, nLAV3 ϭ 1/71, and nLAV4 ϭ 1/71; and we assume per-loop ratios of SAV nSAV3 ϭ 219/71 and nSAV4 ϭ 73/71. The justification for these ratios can be found in Ref. 30 . In the IM, we assume ratios of LAV to loops nLAV5 ϭ 12/71, nLAV6 ϭ 11/71, and nLAV7 ϭ 27/71.
As previously noted, the model includes in the OM one SDV and two SAV, which represents vasa recta that terminate or originate in the OM. Their distributions are given by
where L OS denotes the length of the outer stripe. In addition, the model represents one LDV and two LAV; each of which represents a population of vasa recta that reach to differing levels of the IM. Each of the LDV and LAV population distributions is given by
The distribution of capillary flow in the medulla has not been characterized in experiments, so we made assumptions that appear to us to be physiologically reasonable; a schematic diagram of the distribution scheme is given by Fig. 3 . Blood flow distribution parameters for the OM were described in Ref. 30 . In the IM, fractions of capillary source flow directed into R5, R6, and R7 were set to ␣ LDV,R5 ϭ 0.3, ␣LDV,R6 ϭ 0.2, and ␣LDV,R7 ϭ 0.5, respectively. Half of the net fluid accumulation in the CD cluster (R7) was assumed to be taken up by LAV7; of the remainder, 1/5 and 4/5 were assumed to flow by capillaries or through interstitium into R5 and R6, respectively, in flows denoted by Q R7,R5 and QR7,R6.
In the OM, the interregion solute permeabilities were estimated as describe in Ref. 30 . That same approach was used to estimate interregion permeabilities in the initial IM (L OM Յ x Յ LOM ϩ 0.5LIM), where the CD clusters are well defined. In the mid-IM (LOM ϩ 0.5LIM Յ x ՅLOM ϩ 0.7LIM), where structural organization gradually diminishes (47), the interregion solute permeabilities were assumed to increase exponentially. In the remainder of the IM (
, where CD clusters can no longer be clearly distinguished, interregion permeabilities were set to 100 ϫ 10 Ϫ5 cm/s. The CD urea permeability was assumed to be 0.3 (in units of 10 Ϫ5 cm/s) for the OM and for the first half of the model IM (i.e., for 0 x Յ x CD where xCD ϭ [LOM ϩ 0.5LIM]); for the remainder of the IM xCD Ͻx Յ L, CD urea permeability was assumed to increase according to the formula
where P0 and P1 are the initial and terminal CD urea permeabilities, 0.3 ϫ 10 Ϫ5 and 110 ϫ 10 Ϫ5 cm/s, respectively. This profile was constructed to be consistent with experiments in antidiuretic rats showing high urea permeabilities in the terminal CD (15, 56) and to ensure sufficient urea delivery to the deep IM to support the hypothesized mode of concentration. The IMCD Na ϩ maximum transport rate Vmax,Na [in units of nmol/(cm 2 s)] was assumed to be 8.5 for the initial 3/10 of the model IM, to decrease linearly to 2 for the next 2/10 of the IM, and to remain constant at 2 for the remainder of the IM.
The IM portion of a model LDL of a loop of Henle that reaches beyond the first millimeter of the model IM was divided structurally and functionally into three segments. The first segment, which we call "LDL2" and which spans the initial 40% of the IM portion of the LDL, was assumed to be NaCl impermeable and moderately urea permeable. The second IM segment, which we call "LDL3," corresponds to the AQP1-null segment of the LDL (44) . In the base case, the LDL3 segment was assumed to be NaCl impermeable and to have a high urea permeability of 180 ϫ 10 Ϫ5 cm/s. We also considered a hypothetical scenario in which the LDL3 segment expresses a urea-Na ϩ cotransporter with a stoichiometry of 1:1; Cl Ϫ follows by diffusing down the electrochemical gradient. A urea-Cl Ϫ cotransporter would be equivalent. The transepithelial urea or NaCl flux is assumed to depend on luminal and interstitial urea and NaCl chemical potential:
where k ϭ NaCl or urea, and that the flux is assumed positive directed from region R (R ϭ R5, R6, or R7) into the LDL. The conductivity of the cotransporter PLDL3,urea·Na was set to 150 ϫ 10 Ϫ5 mM·cm/s. When the urea-Na ϩ cotransporter was represented, the permeabilities for uncoupled NaCl and urea permeabilities were set to 0 and 3 ϫ 10 Ϫ5 cm/s, respectively. For the case with the urea-Na ϩ cotransporter to yield a urine output comparable to base case, i.e., a moderately concentrated urine with a sufficiently high flow rate, some of the IMCD transport parameters were adjusted. Specifically, IMCD water and urea permeabilities were set to 460 m/s and 1 ϫ 10 Ϫ5 cm/s, respectively, for the initial 55% of the model IM. For the remainder of the IM, IMCD water permeability was set to 400 m/s, and IMCD urea permeability increases exponentially to 30 ϫ 10 Ϫ5 cm/s according to Eq. 17. Also, IMCD Na ϩ maximum transport rate Vmax,Na [in units of nmol/(cm 2 s)] was assumed to be 6.2 for the initial 3/10 of the IM, to decrease linearly to 2 for the next 2/10 of the IM, and to remain constant at 2 for the remainder of the IM.
Boundary conditions. The boundary concentrations and water flows for descending limbs and DVR at the cortico-medullary boundary (x ϭ 0) are given in Table 1 . The assumptions on which the boundary conditions for CD inflow were based can be found in Ref. 31 . Those assumptions suffice to determine the CD fluid inflow rate, Na ϩ and urea concentrations (29, 30) . In this study, we assume that 23% of the urea that is delivered to the early distal tubule by the cortical ascending limb is absorbed in the cortex (increased from 20% in Ref. 27 ). Also, we assume that 84% of the fluid is reabsorbed along the distal tubule and cortical CD.
In the OM, four LAVs are represented, one for each region. The two LAVs that reside in the interbundle regions (R3 and R4) are assumed to arise from AVR ascending from the CD cluster, Thus, at the OM-IM boundary, the intravascular fluid concentrations and flow rates of LAV3 and LAV4 are set to equal to those of LAV7; i.e., at x ϭ L OM, FV,LAV3 ϭ FV,LAV4 ϭ FV,LAV7 and Ck,LAV3 ϭ Ck,LAV4 ϭ Ck,LAV7. For LAV1 and LAV2, we assume that, at the OM-IM boundary, their intravascular concentrations and fluid flow rates are equal to the remainder of the IM LAV; i.e., at x ϭ LOM
where n=LAV7 denotes the number of LAV7 that ascend through the vascular bundle; thus n=LAV7 ϭ nLAV7 Ϫ nLAV3 Ϫ nLAV4.
RESULTS
The base case. The model equations were solved to obtain steady-state solutions for the base-case configuration, parameter set, and boundary conditions. Key results are displayed graphically in Figs. 4 and 5. Figure 4 shows axial osmolality, Na ϩ concentration, and urea concentration profiles in the regions and in each class of tubule and vessel (and NR concentration in the CD). Figure 5 shows water, Na ϩ , and urea luminal flow profiles in the loop of Henle and CD. Because Fig. 5 portrays directed flows, flow toward the cortex is considered to be negative. In Figs. 4 and 5, A, B , and C are used in a roughly analogous way: A designates osmolality, B designates Na ϩ or NR, and C designates urea. As was described in model formulation, in the IM, the loops of Henle are represented by a continuous distribution, with the loops turning at all IM levels. However, Figs. 4 and 5 contain only the profiles that correspond to representative loops of Henle, specifically, those that turn at x ϭ 3, 4.5, 6, and 7 mm.
The model predicts a urine osmolality of 1,155 mosmol/ kgH 2 O and a urine flow rate of 0.0941 nl/(min·nephron), or 3.57 l/(min·kidney), assuming 38,000 nephrons per kidney. Assuming an average single nephron glomerular filtration rate of 33 nl/min (8a), the base-case urine flow corresponds to a urine-to-plasma inulin ratio of 351. Model urine Na ϩ , urea, and NR concentrations are 254, 554, and 81.2 mM (see Table 3 , "Base case").
A comparison among the interstitial fluid osmolality profiles in Fig. 4A0 indicates that the radial osmolality gradient is substantially larger throughout the OM than in the upper IM, despite the radial separation of the CD from the descending thin limbs and DVR. (In the papilla, i.e., deep IM in Fig. 2 , interstitial fluid composition is approximately homogeneous at a given medullary level because the tubules and vessels are assumed to be uniformly distributed.) This result is consistent with predictions by previous modeling studies (27, 67) . This discrepancy between OM and upper IM can be attributed to the active NaCl transport in the thick ascending limb, which is vigorous in the OM but insignificant in the IM. Recall that the thick ascending limbs reside mostly in the extra-bundle regions R3 and R4. Their active NaCl transport raises the interstitial NaCl concentration in those regions. Thus, as can be seen by a comparison between Fig. 4, B0 and C0, in the OM the radial NaCl concentration gradient is about an order of magnitude larger than that of urea. Indeed, the OM interstitial fluid osmolality separation among the four regions is, in large part, attributable to the NaCl gradient. In contrast, the thin ascending limb has no significant active NaCl transport. As a result, the model predicts radial gradients in interstitial fluid that are comparable for the urea concentration in the OM and upper IM (see Fig. 4C0 ) but that are substantially smaller in the upper IM than the OM for the NaCl concentration and thus for the osmolality (Fig.  4, B0 and A0) . Vascular countercurrent exchange. Because of sufficiently high DVR water and solute permeabilities, and because of a sufficiently large AVR fenestration fraction, vasa recta osmolality tends to track the osmolality and concentrations of the local interstitial fluid (compare Fig. 4, A0-C0 and A1-C1 ). This tracking allows the vasa recta to serve the traditionally ascribed roles as countercurrent exchangers: at each level of the medulla, DVR flow tends to have an osmolality or a solute concentration that is slightly below that of the surrounding region. AVR flow tends to have an osmolality or concentration that is slightly above that of the surrounding region.
In the OM, the long DVR and AVR form vascular bundles, a configuration that continues through the upper IM. In a set of simulations, we assessed the extent to which the transport properties and the countercurrent anatomical arrangement of vasa recta allow them to return the solute and water that is absorbed from the tubules back to the general circulation while at the same time minimizing the impact of vascular flow on local medullary osmolality and concentrations, and, more generally, on the medullary osmolality and concentration gradients. Key model results are summarized in Table 2 .
We first set the solute permeabilities of LAV1 and LAV2 (in the OM vascular bundles) to zero, so that solutes enter the , and C1 and A3, B3, and C3, and given per nephron in A2, B2, and C2 and A4, B4, and C4. Notations are analogous to those used in Fig. 4 ; however, the ordinates, given at top, are as follows: A: water flow; B: Na ϩ flow; C: urea flow. Negative flows in ascending limbs are directed towards the cortex; flows in descending limbs and CDs are directed towards the papillary tip.
AVR via advection, but do not diffuse out of the AVR tubular fluid. As a result, the effectiveness of AVR as participants in countercurrent exchange was substantially reduced, as AVR solute concentrations no longer equilibrated with interstitial fluid. The lower local interstitial fluid osmolality in the vascular bundles also lowered DVR tubular fluid osmolality, from 580 mosmol/kgH 2 O at the OM-IM boundary in the base case, to 403 mosmol/kgH 2 O in this simulation. Owing to the radial separation between the vascular bundles and the OMCD, a substantial concentrating effect was still attained in the OM, with CD tubular fluid osmolality at the OM-IM boundary predicted to be 681 mosmol/kgH 2 O (see Table 2 ). However, the more dilute fluid that the DVR delivers to the IM substantially reduced the IM concentrating effect, inasmuch as the vascular flows became much more dissipative of the medullary gradient; urine osmolality decreased from the base-case value of 1,155 to 680 mosmol/kgH 2 O (see Table 2 ).
Outside of the vascular bundles, solutes and water absorbed from CDs and loops of Henle are carried via AVR to higher levels, where the local absorbate generally has lower solute concentrations and lower osmolality and where the ascension in AVR fluid that is concentrated relative to local fluid would raise the osmolality of the CD tubular fluid and contribute to an optimization of concentrating efficiency. When the solute permeabilities of SAV3 and SAV4 were set to zero, the concentrating effect on the OMCD was reduced, with the CD fluid concentrated to 505 mosmol/kgH 2 O at the OM-IM boundary (see Table 2 ). Because the CD fluid osmolality, and in particular its urea concentration, were not sufficiently raised, the IM concentrating mechanism was impaired, with a urine osmolality of only 613 mosmol/kgH 2 O predicted (see Table 2 ).
We then studied the impacts of vascular countercurrent exchange in the IM. In three simulations, we selectively set the solute permeabilities of LAV5, LAV6, and LAV7 to zero. In all three cases, the OM concentrating mechanism was little affected (see Table 2 ). Reducing countercurrent exchange in R6 has the largest impact on the IM concentrating mechanism, because that resulted in lower R6 and LDV fluid osmolalities and increased the washout effect of the IM axial interstitial osmolality gradient. Nonetheless, R6 fluid osmolality is concentrated by capillary flow from the intracluster region R7 (the concentrating effect of that capillary flow is analyzed below). Overall, model urine osmolality (in unit of mosmol/kgH 2 O) was predicted to be 938, which is substantially lower than base case (1,155) . Setting LAV5 or LAV7 solute permeabilities to zero has smaller impacts; the urine osmolalities produced in those cases were 1,007 and 1,018 mosmol/kgH 2 O, respectively.
Effects of capillary flows. Little is known about interregion capillary flows. In the base case, we assume that 10% of the net fluid accumulation in the intracluster region (i.e., R7) is carried by capillaries to R5, 40% to R6, and the remainder is drained by LAV7. The relatively concentrated fluid from R7 raises the osmolality of the interstitial fluid in the intercluster regions, especially R6, which contains DVR with relatively dilute tubular fluid. To assess the concentrating effect of interregion capillary flows, we conducted a simulation in which all the net fluid accumulation in the intracluster region (R7) is drained by LAV7. This configuration resulted in the DVR carrying more dilute fluid into the deep IM. As a result, the concentrating capability of the model was reduced, but only slightly, with a urine osmolality of 1,144 mosmol/kgH 2 O. That the concentrating capability was largely preserved can be attributed to the nonzero interregion solute permeabilities, which allows interstitial fluid osmolality in R6 to be raised via interregion solute diffusion.
Effects of varying DVR boundary inflow. The model assumes that flow rates and solute concentrations of the descending limbs and DVR are known a priori and CD fluid composition is computed from ascending limb flows at the cortico-medullary boundary. It is known that vasopressin reduces blood flow in DVR by affecting the contractility of pericytes (5, 42, 60) . To understand how the action of the hormone on vascular receptors impacts medullary blood flow and the model's concentrating capability, we varied base-case cortico-medullary DVR boundary flow rate of 8 nl/min per DVR by Ϯ10 and Ϯ20%; DVR boundary solute concentrations were kept at the base-case values.
Decreasing the DVR boundary flow rate by 10 and 20% resulted in 8.04 and 15.7% increases, respectively, in urine osmolality, whereas increasing the flow rate by 10 and 20% resulted in decreases of 7.96 and 15.1%, respectively. Thus these findings yield the intuitive result that decreasing DVR flow decreases the load on the concentrating mechanism and consequently increases the concentrating effect. At lower DVR flow rates, interstitial fluid osmolality and water reabsorption along the CD increases, which, taken in isolation, would increase AVR flow rate. [Indeed, the central core model (58) assumes no DVR inflow and serves as a limiting case with the highest concentrating capability.] However, capillary flow was also reduced, which was a substantially more dominant effect that resulted in a net decrease in medullary blood flow when DVR inflow was lowered.
Effects of a hypothetical urea-Na ϩ or urea-Cl Ϫ cotransporter. One discrepancy that may be noted between model results and experimental data is the interstitial fluid NaCl concentration profile along the IM. The model predicts a nonincreasing NaCl concentration gradient in the IM, with the IM axial osmolality gradient attributable almost entirely to urea gradient (see Fig.  4, A0-C0) . This result, which may be attributable to insufficient NaCl reabsorption from loop bends and LAL, appears to be inconsistent with electron microprobe measurements, which reveal a substantial NaCl concentration gradient in the IM of antidiuretic rat kidneys (22) . Another notable disagreement between physiological data and our model's predictions can be found in the urea and Na ϩ concentrations at the bend of Henle's loop. Studies on moderately antidiuretic rats (49) and hamsters (10) consistently indicate that the Na ϩ concentration is substantially higher than the urea concentration in tubular fluid at the bend of the loop, the reverse of the composition in Except for base case, column 1 labels the ascending vasa recta (AVR) of which the solute permeabilities were set to zero to assess the model's sensitivity to AVR effectiveness as countercurrent exchangers. SAV3 and SAV4, 2 populations of short ascending vasa recta; LAV1, LAV2, . . . , LAV7, populations of long ascending vasa recta; CCD,osm (LOM) and CCD,osm (L), CD fluid osmolality at outer-inner medullary boundary and at papillary tip, respectively. the final urine (or tubular fluid at the terminal end of the CDs). However, the reverse relationship (i.e., with urea concentration greater than Na ϩ concentration) is predicted by the model. Given the near-zero water permeability of the AQP1-null segment of the descending thin limb (LDL3 segment), it appears that descending limb tubular fluid NaCl concentration is raised, not by water reabsorption, but by NaCl entry. Diffusive entry of NaCl seems unlikely, because the descending limb fluid NaCl concentration appears to be higher than local interstitial fluid (compare Fig. 4 , B0 and B2). To reconcile these discrepancies between model predictions and experimental measurements, we hypothesize that the LDL3 segment expresses a urea-Na ϩ or urea-Cl Ϫ cotransporter. Such a cotransporter has yet to be discovered; nonetheless, in a set of simulations, we investigated its potential effects on the loop tubular fluid composition and on the urine concentrating mechanism.
Osmolality, Na ϩ concentration, and urea concentration profiles in the loops of Henle, CD, and regions, obtained after incorporating the urea-Na ϩ cotransporter, are shown in Fig. 6 . Water, Na ϩ , and urea flow profiles along the loops and CD are shown in Fig. 7 . Key results are summarized in Table 3 . In the IM, interstitial urea concentration is raised by urea-reabsorption from the CD. That urea then diffuses into the highly urea-permeable LDL3 segment, bringing along an equal amount of NaCl (see Fig. 7 , B1 and C1), thereby raising both the urea and NaCl concentrations in the descending limb tubular fluid. Immediately before the prebend of the longest loop, NaCl and urea concentrations are predicted to be 583 and 340 mM, respectively, which corresponds to the ratio of 1.71, consistent with experimental measurements (10, 49) . In contrast, the base case predicted a longest loop bend NaCl-to-urea ratio of 0.71. The LDL3 luminal and neighboring interstitial Na ϩ concentrations range from ϳ400 to 600 mM and ϳ350 to 450 mM, respectively, whereas luminal and interstitial urea concentrations range from ϳ100 to 350 mM and ϳ220 to 500 mM, respectively. Thus the range of driving force encountered by the cotransporter is ϳ0.069 -0.65; see Eq. 18.
The NaCl secreted into the descending limb via the cotransporter is reabsorbed along the prebend and the terminal ascending thin limb segment, which are assumed to be highly NaCl permeable. Thus the hypothesized urea-NaCl cotransporter facilitates the cycling of NaCl within the IM. By raising the LDL3 tubular fluid NaCl concentration, the model predicts, for loops that reach into the deep IM, a much larger NaCl efflux at the prebend and the contiguous ascending limb segment (compare in Figs. 4B2 and 6B2 , and in Figs. 5B2 and 7B2, the drops in NaCl concentration and flow near the bend of the longest loop). Indeed, the presence of the cotransporter yields a modest improvement in the concentrating capability of the model: the predicted urine osmolality was 1,170 mosmol/kgH 2 O, higher than base case, at a flow rate of 0.0871 nl·min Ϫ1 ·nephron Ϫ1 . It is also noteworthy that a significant increasing axial gradient is generated in the interstitial fluid NaCl concentration (compare Figs. 4B0 and 6B0), a prediction that is consistent with electron microprobe measurements performed in antidiuretic rat kidneys (22) .
In the above simulation, the uncoupled NaCl and urea permeabilities were assumed 0 and 3 ϫ 10 Ϫ5 cm/s along the LDL3 segment. In the next set of simulations, we assessed the sensitivity of model results to variations in these permeabilities. Key results are summarized in Table 4 . A higher LDL3 NaCl permeability allowed more NaCl to be reabsorbed along the LDL3, rather than along the prebend segment deep in the IM. As a result, a less concentrated urine was predicted when LDL3 NaCl permeability was increased from 0 to 10 ϫ 10 Ϫ5 cm/s, (1,060 mosmol/kgH 2 O, a ϳ9% decrease). (It is noteworthy that when LDL3 NaCl permeability was increased in the base-case model without the urea-Na ϩ cotransporter, the model's concentrating capability was also reduced; results not shown.) When LDL3 urea permeability was increased, urine osmolality also decreased. Nonetheless, in all these simulations, the model predicted a longest loop-bend NaCl-to-urea ratio of at least ϳ1.4, as well as a generally increasing interstitial NaCl concentration axial gradient.
DISCUSSION
Model formulation and implications. We extended a highly detailed mathematical model of the renal medulla of the rat kidney (27) , previously developed by us, to represent new anatomic findings on the vascular architecture in the rat IM. The model represents radial organization of renal tubules and vessels, with respect to vascular bundles, by means of a region-based configuration. Transmural transport by tubules and vessels is approximated by single-barrier expressions that summarize experimental results for osmotically driven water fluxes, solute diffusion, and active solute transport. The model, which was solved to steady state, predicts, in all represented structures, the concentrations of sodium, urea, and a nonreabsorbable solute, the osmolality arising from these solutes, intratubular (or intravascular) flow rates of water and solutes, and transmural fluxes of water and solutes.
In most structures, the model attains an osmolality increase of about a factor of ϳ2.5 along the OM and ϳ1.5 along the IM. Those increases are consistent with tissue-slice experiments in rat (11, 68) , rabbit (19) , and dog (61), and with electron microprobe experiments in rat (22) . It is noteworthy that in the IM, much of the osmolality gradient is attributable to a urea gradient, with a substantial NaCl gradient not found in most IM structures. This issue is addressed in more detail below.
Moreover, model results indicate that the marked radial organization of the OM, which is centered on the vascular bundles, has a significant impact on the interstitial concentrations seen by the various tubules and vessels, as predicted by many investigators (1, 14, 21, 24, 25, 35, 7, 59, 62, 67) . The OM radial organization results in a focusing of thick ascending limb concentrating capacity on LDLs and CDs. Indeed, the osmolality gradient across the regions is attributable, in large part, to the NaCl gradient; in the OM, the radial urea gradient is about an order of magnitude smaller than the NaCl gradient (compare Fig. 4B0 and Fig. 4C0, inset) .
In contrast, in the IM, where the thin ascending limbs do not have significant active Na ϩ transport, the difference in NaCl concentration among the regions becomes much smaller than in the OM (see Fig. 4B0 ). As a result, the model predicts a much more homogeneous interstitial fluid solute concentration, even in the initial IM where the structural organization of the tubules and vessels is assumed to be definite. In fact, modeling results of a parameter study in Ref. 28 (which represented 2 IM regions) indicate that when the radial organization in the IM was eliminated, urine osmolaity increased, albeit not drastically. Although we have yet to identify the mechanism by which the IM regionalization may augment the concentrating capability of the rat kidney, we nonetheless believe that the representation of three separation regions in the IM is justified for the following reasons. First, the model's IM regionalization is based on recent anatomic findings by Pannabecker and coworkers (17, 44, 45, 46, 69) , which show clearly distinguishable CD clusters and the separation of DVR from descending limbs in the intercluster regions. Second, the model predicts that the marked radial organization of the upper IM, which is centered on the CD clusters, results in an interregion osmolality difference of ϳ110 mosmol/kgH 2 O at the OM-IM boundary and ϳ14 mosmol/kgH 2 O at ϳ1.5 mm below the boundary Fig. 4 , A0 and C0). The latter difference corresponds to an osmotic pressure of ϳ260 mmHg, which is significant. Given also that the computational costs incurred by the representation of additional regions are small relative to other aspects of the model (e.g., the representation of distributed loops), it is preferrable to include a realistic representation of the IM vascular and tubular regionalization. While the model predicted urine osmolality and flow rate that are consistent with measurements by Pennell et al. (49) in antidiuretic rat kidneys, those measurements yielded urine Na ϩ concentration much lower than model's prediction (100 vs. 254 mM), and a non-NaCl, nonurea solute concentration that was much higher than the model (345 vs. 81 mM; see Table 3 ). To achieve a similar urine NR concentration, one would have to increase the boundary CD NR concentration by ϳ9 times. However, because the NR is nonreabsorbable, a higher NR concentration would impose a much larger load on the urine concentrating mechanism and, as a result, substantially lower the concentrating capability of the model. To understand the discrepancy in urine concentrations, one must recognize that what Pennell et al. reported was not the concentration of a nonreabsorbable solute, but rather that of all solutes that are neither NaCl nor urea. Such solutes could possibly be reabsorbed along the CD, or secreted into the CD, perhaps in exchange for NaCl. The latter cellular processes, which could yield lower urine NaCl concentration and higher NR concentration, are outside the scope of this model.
Another discrepancy with measurements by Pennell et al. (49) is that the model predicted a fractional urea excretion rate of 27%, assuming 38,000 nephrons per kidney. That urea excretion rate is substantially lower than the values reported in Table 2 of Ref. 49 (30% and 48% in the right and left kidneys of the antidiuretic rats, respectively). However, how exactly should the comparison be made is not clear, inasmuch as the Sprague-Dawley rats used in the experiments were young (50 -74 g) and likely had fewer nephrons. Unfortunately, the number of nephrons per kidney was not reported in Ref. 49 . [If we assumed that the Sprague-Dawley rats had ϳ38,000 nephrons per kidney, then the whole animal glomerular filtration rate and urine flow rates data in Table 1 of Ref. 49 would yield a much lower single nephron glomerular filtration rate and also much lower fractional urea excretion rate (26%).] Another possible explanation for the discrepancy is that the model predicted an overly generous urea reabsorption. If the urea permeability of the terminal model IMCD is reduced by 33 and 66%, then less urea is reabsorbed and the fractional urea excretion rate increases to 29.5 and 34%, respectively, at the expense of a slightly reduced cocentrating effect. Nonetheless, even with the reduced IMCD urea permeabilities, the predicted urine urea concentrations remain substantially higher than measurements. (For details see urine composition results displayed in Table 3 , "P CD,urea ϫ 2/3" and "P CD,urea ϫ 1/3.") Vascular countercurrent exchange. Results of vascular countercurrent simulations illustrate quantitatively the asymmetric vascular coupling between the OM and IM concentrating processes. When IM vascular countercurrent exchange was impaired by reduction in AVR solute permeability, IM concentrating capability was reduced as expected, the greatest reduction occurring from AVR impairment in the R6 intercluster region where DVR lie in close approximation to AVR and the most direct countercurrent exchange should occur. However, impairment of IM vascular exchange alone had almost no effect on the OM concentrating ability. This seeming independence of the OM concentrating process from changes in IM vascular exchange reflects the fact that IM vascular flows are small relative to OM flows.
In contrast to the effects of impaired IM vascular exchange on the OM concentrating process, impaired OM vascular countercurrent exchange almost completely abolished the IM concentrating process. This was the case even when OM impairment of countercurrent exchange was restricted to the vascular bundles so that a respectable concentration gradient (over a 2-fold increase in osmolality) was still attained along the OMCD. These results emphasize both the independence of the OM concentrating process from the volume and osmolality of IM vascular flows and the critical dependence of the IM concentrating process on the volume and osmolality of the OM vascular flows at the OM-IM border.
Long descending limb urea transport studies. The high solute concentration of LDL luminal fluid in the IM arises from water reabsorption and solute secretion, although in no case has active solute transport been shown to play a substantial role in solute flux (8, 38, 39, 40, 49, 50) . It is known from several studies of chinchilla and rat that the upper LDL expresses the water channel AQP1 and is highly water permeable, whereas the lower LDL expresses little or no AQP1, and is relatively water impermeable (3, 4, 44) (Dantzler WH, Evans KK, Pannabecker TL, unpublished observations). The pathway(s) by which secretion of solutes might occur, chiefly NaCl and/or urea, along any segment of the LDL, upper or lower, remains an enigma.
The limited number of in vivo studies of transepithelial gradients for urea and NaCl across LDL tubular wall in antidiuresis (cited above) suggests urea secretion proceeds down a chemical gradient; NaCl fluxes in antidiuresis are less clear and may be species dependent, but secretion against an electrochemical gradient is likely. Although studies of urea and NaCl permeabilities of upper and lower LDL segments are also very limited, significant functional heterogeneity exists between these two regions. In the LDL of chinchilla (2, 3), hamster (12) , and Munich-Wistar rat (Dantzler WH, Evans KK, Pannabecker TL, unpublished observations), urea permeability increases with increasing depth below the OM-IM boundary, qualitatively opposite to the decrease in transepithelial water permeability and AQP1 expression of rat and chinchilla that occurs with increasing depth below the OM-IM boundary. The transepithelial urea permeability of the deep papillary LDL in chinchilla and rat approaches 200 ϫ 10 Ϫ5 cm/s. Urea fluxes in chinchilla IM segments of LDL are nonsaturable, are not inhibited by phloretin, and were thus proposed to be paracellular and not due to transcellular facilitated urea transport (3).
The only known urea transporter in rat and mouse LDL is UT-A2, as determined by expression of mRNA (57) and immunohistochemical labeling in both the descending limbs of short loops of Henle and LDLs of Sprague-Dawley and Brattleboro rat and mouse (9, 18, 36, 41, 63) ; however, immunohistochemical labeling for UT-A2 in the IM LDL was limited to no more than the initial third of the IM in Sprague-Dawley rat (18, 36) and in a comparable region of Brattleboro rat kidney (63) . Transepithelial urea fluxes across the deep papillary LDL are unlikely to be mediated by any of the known renal facilitated urea transporters such as UT-A1, UT-A2, UT-A3, or UT-B (3, 55) . Although other urea channel-like proteins do exist in prokaryotes and eukaryotes (43, 52, 66) , none are known to exist in the mammalian renal IM. Thus hypothetical pathways for urea fluxes in the mammalian LDL may include an as yet unidentified transcellular urea transporter(s) and/or the paracellular pathway. If urea transport were coupled to Na or Cl transport, then a passive urea flux could possibly drive NaCl secretion against its electrochemical gradient to achieve luminal solute concentrations predicted from in vivo studies. Thus a hypothetical LDL transporter that couples urea and ion was investigated for its potential impact on the urine concentrating mechanism in this study.
Hypothetical urea-Na ϩ cotransporter functions. We have hypothesized that the AQP1-null segment of the descending thin limb expresses a urea-Na ϩ or urea-Cl Ϫ cotransporter. We are unaware of experimental evidence for urea-dependent Na ϩ or Cl Ϫ transport, although Na ϩ -dependent urea transport has been reported in freshwater alga (64) and along the IMCD (13, 16, 53) . In particular, the Na ϩ -dependent urea transport along the initial IMCD is not inhibited by phloretin (13) .
Model simulation results suggest that such a cotransporter may resolve several discrepancies between the base-case model and physiological data, including the higher loop-bend urea concentration than NaCl concentration and the absence of a substantial increasing axial NaCl gradient along the IM structures. With the base-case transport assumptions, it is difficult to explain the high loop-bend NaCl concentration observed in studies on moderately antidiuretic rats (49) and hamsters (10) . The issue is whether the descending limb tubular fluid NaCl concentration increases along the AQP1-null segment, and if so, how is that gradient generated? Given that Dantzler et al. (6) reported a near zero water permeability along that segment, it appears unlikely that tubular fluid concentration increases by water reabsorption. Alternatively, a concentration gradient can be generated by solute secretion. Nonetheless, diffusive entry of NaCl seems unlikely, inasmuch as the descending limb fluid NaCl concentration appears to be higher than that in the local interstitial fluid. In contrast, the high urea permeability along that segment gives rise to substantial passive urea secretion. As a result, the base-case model yielded a loop-bend fluid urea-to-NaCl concentration ratio that is approximately the reverse of experimental measurements.
Another discrepancy between model predictions and experimental data can be found in the Na ϩ concentration profiles predicted along the IM structures. Electron microprobe measurements performed in antidiuretic rat kidneys revealed a large axial Na ϩ concentration gradient (see Fig. 5 in Ref. 22 ). In contrast, except for the IMCD, the base-case model predicts no significant axial Na ϩ concentration gradient in the fluid of most tubules, vessels, or interstitium in the IM. Indeed, the axial osmolality gradient generated in the model IM is largely attributed to the urea concentration.
The presence of a urea-Na ϩ cotransporter along the LDL3 segment may resolve the above discrepancies. As urea diffuses down its concentration gradient into the LDL3 segment, a corresponding inward-directed NaCl transepithelial flux is generated. Not only does that NaCl secretion yield a loop-bend NaCl concentration that is almost twice the urea concentration, consistent with physiological data (10, 49) , it also facilitates the cycling of NaCl within the papilla and gives rise to an increasing axial NaCl concentration gradient along the IM structures.
It could well be the case that the urea-Na ϩ cotransporter is not present in the descending limbs of some species. For example, micropuncture experiments in hamster show no significant increase in NaCl load along the terminal segment of the descending limbs (38) . The increase in NaCl concentration along this segment may be explained by water reabsorption, which likely does not occur along the AQP1-null LDL3 segment in the rat kidney.
We hypothesize that, in the rat kidney, a urea-Na ϩ cotransporter may yield substantial NaCl and urea axial concentration gradients along the IM by facilitating the cycling of both solutes. The high DVR solute permeabilities, and the large AVR fenestration fraction, allow the vasa recta to serve as countercurrent exchangers and to facilitate the cycling of both NaCl and urea. The high urea permeability in the LDL3 segment and along the ascending thin limb promotes urea cycling: the urea that enters the LDL3 segment and the ascending thin limbs in the urea-rich deep IM diffuses out of the ascending thin limbs into the intercluster region near the OM-IM boundary, raising the urea concentration and osmolality there. That urea cycling in turn promotes NaCl cycling by the loops of Henle. Initially, NaCl is secreted into the LDL3 segment along with urea via the urea-Na ϩ cotransporter. That NaCl then diffuses out of the highly NaCl-permeable prebend and ascending thin limbs, thereby raising the NaCl concentration and osmolality in the interstitium there and promoting water reabsorption from the IMCD.
Although a urea-Na ϩ (or urea-Cl Ϫ ) cotransporter is purely hypothetical, the apparent very high urea permeabilities in the AQP1-null, water-impermeable LDL3 and LAL segments (Dantzler WH, Evans KK, Pannabecker TL, preliminary findings; Refs. 2, 3, 6) appear to require the presence of some type of urea transporter. However, none of the known urea transporters have been found in these tubular segments. Given the important roles that the hypothesized urea-Na ϩ (or urea-Cl Ϫ ) cotransporter could play in the urine concentrating mechanism, we believe that attempts to identify urea transporters in these tubule segments should include a search for such a cotransporter in the LDL3 segment.
